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HIGHLIGHTS 


►  Nano-LiFeP04  achieved  a  capacity  of  80  mAh  g_1  at  a  discharge  rate  of  100  C  with  limited  carbon  additive. 

►  Capacity  of  LiFeP04  observed  above  3.5  V  and  below  3.4  V  is  mainly  due  to  the  pseudo-capacitive  behavior. 

►  Crystalline-to-amorphous  transformations  occur  on  the  long-time  cycling  process  of  LiFeP04. 
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It  is  well-established  that  the  micro-sized  LiFeP04  exhibits  very  poor  rate  capability,  whereas  nano-sized 
LiFeP04  displays  very  excellent  rate  capability.  Thereby,  kinetic  behavior  of  nano-sized  LiFeP04  is 
attracting  wide  attention.  Herein,  it  is  reported  that  nano-sized  LiFeP04  can  realize  the  fast  charge/ 
discharge  of  100  C  with  limited  carbon  additive.  Most  importantly,  it  is  discovered  that  the  capacity  of 
LiFeP04  observed  above  3.5  V  (vs.  Li/Li+)  and  below  3.4  V  (vs.  Li/Li+)  is  mainly  due  to  the  pseudo- 
capacitive  behavior  rather  than  single-phase  Li-intercalation,  indicating  that  there  is  only  very  small 
potential  difference  (100  mV,  3.4-3.5  V)  between  the  single-phase  transformation  and  two-phase 
equilibrium.  Also  cycle-life  test,  combining  with  TEM  observations,  demonstrates  that  the  crystalline- 
to-amorphous  transformation  in  part  of  nano-LiFeP04  particles  during  cycling  process  can  result  in 
the  change  of  voltage  at  the  end  of  charge/discharge. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Olivine  LiFeP04  has  been  considered  as  the  promising  cathode 
for  the  large  scale  lithium-ion  batteries  used  for  electric  vehicles 
(EVs)  and  stationary  power  sources  because  of  its  inherent  merits 
including  low  toxicity,  potential  for  low  cost,  long  cycle  ability  and 
high  safety.  Owing  to  these  inherent  merits  mentioned  above,  it  has 
been  attracting  significant  attention  from  both  the  academic  and 
industrial  research  fields  [1  ].  In  1997,  Padhi  et  al.  first  reported  that 
olivine  LiFeP04  could  be  used  as  a  cathode  material  for  lithium-ion 
battery,  and  showed  it  could  only  have  a  reversible  capacity  of 
110  mAh  g_1  at  a  potential  of  3.5  V  vs.  Li/Li+  when  cycled  using  a 
very  low  current  density  [2].  Accordingly,  a  lot  of  efforts  have  been 
made  to  solve  this  problem  by  the  tailored  particle-size  or/and  the 
conductivity  surface  coating  [1—8],  Indeed,  the  rate  capability  was 
greatly  improved  by  these  approaches,  but  it  still  works  well 
limited.  Up  to  2009,  Kang  et  al.  prepared  nano-sized  LiFeP04  with 
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an  ionically  conductive  lithium  phosphate  glasses  coating  layer  [8]. 
The  obtained  material  exhibited  an  exceptional  capacity  of 
130  mAh  g  1  even  at  a  discharge  rate  of  50  C.  When  the  electrode 
material  was  prepared  with  65%  mass  of  carbon  additive,  a  capacity 
of  more  then  100  mAh  g_1  was  achieved  at  a  very  fast  rate  of  200  C, 
which  can  be  compatible  with  supercapacitor.  This  finding  clearly 
demonstrated  that  fast  Li-ion  diffusion  can  occur  in  the  nano-sized 
LiFeP04.  Up  to  date,  such  high  rate  performance  (higher  than  100  C) 
is  rarely  achieved  with  lower  carbon  additive. 

Recently,  many  researches  shift  to  study  the  mechanism  of  Li- 
ion  storage  [9—19],  especially  in  the  issues  of  phase  trans¬ 
formation  during  charge/discharge  process,  which  brings  many 
arguments  and  new  opinions.  The  thermodynamics  and  phase  di¬ 
agram  of  LiFeP04  is  now  well  established.  The  electrode  reaction  of 
LiFeP04  is  dominated  by  the  two-phase  coexistence  of  LiaFeP04  and 
Lii_lsFeP04  but  with  the  very  narrow  single-phase  regions 
(0  <  x  <  a  and  1  —  0  <  x  <  1)  close  to  the  stoichiometric  end 
members  of  LiFeP04  and  FeP04  at  room  temperature  [10,11,20]. 
According  to  previous  reports  [11,13,21,22],  Li-ion  de-insertion/ 
insertion  within  the  two-phase  region  is  characterized  by  a  very  flat 
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potential  profile  (or  a  constant  two-phase  equilibrium  potential), 
whereas  Li-ion  de-insertion/insertion  in  the  single-phase  region 
displays  a  slope— potential  profile  which  is  above  or  below  the  two- 
phase  equilibrium  potential.  A  lot  of  reports  have  demonstrated  the 
size-depend  nature  of  the  single-phase  region  with  the  direct  evi¬ 
dence  that  the  capacity  contribution  from  the  slope  charge/ 
discharge  curve  clearly  increased  with  the  reduction  of  particle-size 
[11,13,21,22].  However,  it  is  well-known  that  the  pseudo-capacitive 
behavior  arising  from  the  surface  charge  storage  also  displays  a 
slope  charge/discharge  curve,  and  its  performance  scales  with  its 
particle-size  (or  surface  areas),  specially  for  the  nano-sized  mate¬ 
rials.  Thereby,  the  size-induced  pseudocapacitance  variation  may 
misconsidered  to  determine  the  single  phase  behavior  in  previous 
reports.  Unfortunately,  pseudo-capacitive  behavior  of  nano- 
LiFeP04  is  never  well  investigated  during  the  past  years.  How  to 
quantificationally  distinguish  the  surface  pseudo-capacitive 
behavior  from  the  single-phase  Li-intercalation  in  the  crystalline 
framework  of  LiFeP04  is  still  unclear. 

In  present  work,  the  as-prepared  graphene-supported  nano- 
LiFeP04  delivered  a  high  capacity  of  80  mAh  g_1  even  at  a  charge/ 
discharge  rate  of  100  C.  It  is  more  important  that  the  pseudo¬ 
captive  behavior  of  the  as-prepared  nano-LiFeP04  during  charge/ 
discharge  process  was  detailedly  investigated  in  present  work.  It 
was  discovered  that  the  capacity  of  LiFeP04  observed  above  3.5  V 
(vs.  Li/Li+)  and  below  3.4  V  (vs.  Li/Li+)  is  mainly  due  to  the  pseudo- 
capacitive  behavior  rather  than  single-phase  Li-intercalation. 
Finally,  we  found  that  the  capacity  contribution  from  the  flat 
operating  voltage  gradually  reduced  over  cycling  process,  and 
demonstrated  that  this  phenomenon  was  due  to  the  crystalline-to- 
amorphous  transformation  by  TEM  observation. 

2.  Experiment 

In  a  typical  synthesis  of  graphene-supported  LiFeP04, 12  mmol 
FeS04 -7^0,12  mmol  H3P04  and  60  mg  graphene  power  were 
dissolved  in  20  ml  ethylene  glycol  under  stirring  condition.  Then, 
another  15  ml  ethylene  glycol  solution  including  32.4  mmol 
LiOH  ■  H2O  was  slowly  added  into  the  FeS04— H3PCU— ethylene  gly¬ 
col  solution  with  constantly  stirring  (the  molar  ratio  ofFeS04  -7H20, 
H3PCU  and  LiOH  H20  was  1:1:2. 7).  In  the  next  step,  the  mixture 
was  sealed  into  a  40  ml  autoclave  and  heated  at  180  °C  for  10  h. 
After  solvothermal  treatment,  the  reaction  mixture  was  separated 
by  filtration.  The  solid  product  was  subsequently  washed  several 
times  with  deionized  water,  and  then  dried  in  air  at  60  °C  for  12  h. 
Afterward,  the  as-prepared  reaction  mixture  (LiFeP04  +  graphene) 
was  mixed  with  11  wt.%  sucrose  as  carbon  source  (ratio  of  LiFe- 
P04:C  is  about  1:0.05,  w/w).  Finally,  the  mixture 

(LiFeP04  +  graphene  +  sugar)  was  first  calinated  in  Ar  atmosphere 
at  200  °C  for  0.5  h,  and  then  heated  to  550  °C  for  2.5  h  to  obtain  the 
finial  product  of  graphene-supported  LiFeP04. 

Power  X-ray  diffraction  (XRD)  of  the  prepared  materials  was 
recorded  on  Bruker  D8  Advance  Diffractometer  using  Cu  K  radia¬ 
tion.  The  morphologies  of  the  sample  were  characterized  with 
transmission  electron  microscope  (TEM,  Joel  JEM2010).  Nitrogen 
sorption  isotherms  were  measured  at  77  K  after  being  degassed  at 
300  °C  for  at  least  3  h  (Quadrasorb  SI  Automated  Surface  Area  and 
Pore  Size  Analyzer).  Specific  surface  area  of  the  sample  were 
derived  using  the  multipoint  Braunauer— Emmett— Teller  (BET) 
method.  The  analysis  for  elementary  distribution  was  performed  on 
Energy  Dispersive  X-ray  Detector  (EDX,  Superscan  SSX-550). 

Half  cells  (CR2016  coin-type)  were  fabricated  to  investigate  the 
electrochemical  behavior  of  graphene-supported  LiFeP04.  The  as- 
prepared  LiFeP04/graphene  composite  (80  wt.%)  was  mixed  with 
15  wt.%  carbon  black  and  5  wt.%  polyvinylidene  fluoride  (PVDF), 
using  n-methylpyrrolidone  (NMP)  as  the  solvent,  and  then  was 


spread  on  aluminum  foil  current  collect  to  form  a  working  elec¬ 
trode.  Li  metal  foil  was  used  as  the  counter  and  reference  electrode, 
and  1  LiPFg  dissolved  in  1:1  v/v  mixture  of  ethylene  carbonate/ 
diethyl  carbonate  (EC/DEC)  was  employed  as  the  electrolyte.  The 
mass  loading  of  graphene-supported  LiFeP04  in  working  electrode 
is  2.60  mg  cnT2.  Solartron  Instrument  Model  1287  electrochemical 
interface  and  1255B  frequency  response  analyzer  were  employed 
for  electrochemical  impedance  spectroscopic  (EIS)  measurements, 
potentiostatic  intermittent  titration  technique  (PITT)  measure¬ 
ments  as  well  as  charge/discharge  tests  at  different  currents.  Prior 
to  each  EIS  measurement,  the  cell  was  charged/or  discharged  to  a 
special  potential  and  hold  at  this  potential.  Each  subsequent  po¬ 
tential  step  was  finished  after  the  residual  (background)  current 
was  less  then  1/300  C.  Then,  EIS  measurement  was  performed  at 
this  potential  in  the  frequency  range  106— 0.01  Hz  with  AC  signal 
amplitude  of  5  mV.  For  PITT  measurement,  the  cell  potential  is 
steeped  by  special  increments  from  2.5  V  to  4.3  V.  Each  individual 
titration  (at  a  potential  step)  is  terminated  when  the  current 
decreased  to  1/200  C.  Charge/discharge  cycle  was  performed  2.0  V 
and  4.3  V  using  a  LAND  CT2001A  Battery  Cycler  (Wuhan,  China). 
Detail  information  about  the  cycling  test  was  given  in  supporting 
information. 

3.  Results  and  discussion 

3.1.  Pseudo-capacitive  profile  vs.  Li-intercalation  in  nano-LiFePC>4 

We  used  layered  graphene  as  loading  medium  and  employed 
carbon  coating  technology  to  prepare  carbon  modified  nano- 
LiFeP04.  Fig.  la— c  depicts  the  different  magnification  transmission 
electron  microscopy  (TEM)  image  of  the  prepared  graphene- 
supported  nano-LiFeP04.  TEM  image  in  Fig.  la  shows  that  LiFeP04 
nanoparticles  with  a  typical  size  of  ~  50  nm  in  diameter  are  uni¬ 
formly  loaded  on  the  surface  of  layered  graphene.  Besides  it,  many 
LiFeP04  nanoparticles  were  wrapped  in  the  flexible  and  ultrathin 
graphene  shells  (see  Fig.  lb).  The  amount  of  graphene  in  the  pre¬ 
pared  composite  is  estimated  as  about  5%  by  calculating  the  weight 
difference  between  graphene  precursor  and  the  final  product  of 
LiFeP04/graphene  composite.  The  high  resolution  TEM  image 
shown  in  Fig.  lc  clearly  reveals  that  each  primary  crystallite  of 
LiFeP04  is  coated  by  a  thin  carbon  layer  which  arises  from 
carbonization  of  the  sugar  precursor  (Detail  information  for  the 
formation  of  carbon  coating  layer  is  given  in  Experiment  section). 
The  wt.%  of  the  thin  carbon  coating  layer  is  very  low,  and  can  be 
neglected.  The  special  BET  surface  of  the  prepared  graphene- 
supported  nano-LiFeP04  is  29.6  m2  g  The  X-ray  diffraction 
(XRD)  pattern  of  prepared  composite  is  shown  in  Fig.  Id.  All  the 
diffraction  peaks  can  be  indexed  on  the  basis  of  an  olivine  structure 
of  LiFeP04. 

As  mentioned  in  introduction,  many  researches  reported  the 
shape  of  charge/discharge  curves  depends  on  the  size  of  LiFeP04 
particle,  especially  at  the  beginning/end  of  charge/discharge,  which 
are  typically  considered  to  be  associated  with  the  phase  composi¬ 
tion  [11,13,21,22].  However,  we  speculated  it  is  mainly  results  from 
the  pseudo-capacitive  behavior  which  is  produced  from  the  fast, 
reversible  Faradaic  reaction  occurring  at  or  near  a  solid  electrode 
surface  [23—28],  Pseudo-capacitive  behavior  generally  shows  the 
successive  multiple  surface  redox  reactions  within  a  wide  potential 
window,  and  thus  displays  slope  potential  (or  voltage)  profile  on 
charge/discharge  process  [27].  Owing  to  the  character  of  surface 
energy  storage,  pseudo-capacitive  behavior  is  also  typically  size- 
dependent.  In  order  to  distinguish  the  pseudo-capacitive 
behavior  from  the  single-phase  Li-intercalation,  electrochemical 
impedance  spectroscopic  (EIS)  analysis  of  the  graphene-supported 
nano-LiFeP04  at  different  charge/discharge  depth  (or  potential) 
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Fig.  1.  TEM  images  (a,  b,  c)  and  XRD  pattern  (d)  of  graphene-supported  nano-LiFeP04. 


was  conducted  on  charge/discharge  process.  Impedance  phase 
angle  data  collected  at  selected  charge/discharge  depths  are  shown 
in  Fig.  2.  The  impedance  phase  angles  at  low  frequency  ranges  can 
be  clearly  divided  into  groups  (see  Fig.  2):  One  is  larger  than  45° 
indicating  the  electrochemical  reaction  without  diffusion  limita¬ 
tion;  another  is  close  to  (or  lower  than)  45°  indicating  the  elec¬ 
trochemical  reaction  with  diffusion  limitation.  When  the  electrode 
was  charged  in  charge-potential  region  from  2.0  to  3.4  V 
(2.0  <  3.4  V),  impedance  phase  angles  close  to  -90°  over  a  wide 
frequency  range  are  detected  at  low  frequency,  indicating  that  the 
capacity  contribution  within  the  potential  window  from  2.0  to  3.4  V 
arises  from  pseudo-capacitive  behavior  (or  surface  redox  reaction). 
This  is  because  that  the  impedance  phase  angle  close  to  90°  is  the 
typical  character  of  capacitive  behavior  [23—25,28],  indicating  that 
the  charge  storage  behavior  is  not  controlled  by  diffusion  process. 
When  the  working  electrode  is  further  charged  to  3.4  V  (vs.  Li/Li+), 
it  can  observed  that  the  impedance  phase  angle  at  low  frequency  is 
reduced  to  -45°,  which  indicates  the  character  of  diffusion  limi¬ 
tation  [23—25],  This  phenomenon  is  kept  in  the  charge-potential 
range  from  3.4  to  3.5  V  (3.4  <  3.5  V,  vs.  Li/Li+),  indicating  typical 
battery  behavior  (see  Fig.  2a  and  c).  At  the  end  of  charge  process 
from  3.5  V  to  4.3  V  (3.5  <  4.3  V  vs.  Li/Li+),  the  impedance  phase 
angles  at  0.01  Hz  appear  again  close  to  -90°,  suggesting  typical 
capacitive  behavior.  Similar  with  charge  process,  the  frequency 
response  of  impedance  phase  angle  at  low  frequency  range  in  the 
discharge  potential  window  from  4.3  to  3.5  V  and  from  3.39  to  2.0  V 


appears  approximating  to  -90°  (see  Fig.  2b  and  c).  While  imped¬ 
ance  phase  angles  at  low  frequency  within  a  narrow  potential 
window  from  3.5  V  to  3.39  V  (vs.  Li/Li+)  are  close  to  or  lower  than 
-45°.  The  results  from  EIS  investigation  clearly  demonstrate  that 
the  single-phase  and  two-phase  Li-intercalations  occur  in  a  very 
narrow  potential  range  between  about  3.4  V  and  3.5  V  (vs.  Li/Li+). 
This  result  is  well  agree  with  Ceder  et  al.’s  very  recent  calculation 
result  that  only  minimal  over-potential  is  required  to  enable  the 
single-phase  transformation  at  room  temperature  [17].  At  this 
stage,  we  can  conclude  that  the  capacity  observed  above  3.5  V  (vs. 
Li/Li+)  and  below  3.4  V  (vs.  Li/Li+)  is  mainly  due  to  the  surface 
pseudo-capacitive  behavior,  rather  than  the  bulk  single-phase  Li- 
intercalation.  It  should  be  noted  that  the  double  layered  electro¬ 
chemical  capacitance  from  the  ions  (charge)  adsorption/desorption 
on  the  graphene-substrate  can  be  neglected  (see  Fig.  SI  for  detail). 

In  order  to  further  determine  whether  or  not  both  the  single¬ 
phase  and  two-phase  Li-intercalations  take  place  in  a  very  nar¬ 
row  potential  range  (about  3.4— 3.5  V,  vs.  Li/Li+),  the  potentiostatic 
intermittent  titration  technique  (PITT)  technology  was  employed 
on  charge  process.  For  PITT  measurement,  the  cell  potential  is 
steeped  by  special  increments  from  2.5  V  to  4.3  V.  Each  individual 
titration  (at  a  potential  step)  is  terminated  when  the  current 
decreased  to  1/200  C.  100  mV  potential  steps  were  applied  for 
PITT  measurement  in  the  pseudo-capacitive  behavior  region 
(from  2.5  to  3.4  V  and  from  3.5  to  4.3  V,  vs.  Li/Li+),  and  10  mV 
potential  steps  were  employed  in  the  battery  behavior  region  from 


Y.  Wang  et  al.  /  Journal  of  Power  Sources  236  (2013)  230-237 


233 


Fig.  2.  Impedance  phase  angle  vs.  frequency  for  the  graphene-supported  LiFeP04  at  different  charge  depths  (a)  and  discharge  depths  (b).  The  corresponding  charge/discharge  at  a 
current  density  of  1/20  C  is  also  given  in  (c). 


3.4  to  3.5  V  (vs.  Li/Li+).  Fig.  3a  and  b  gives  the  PITT  potential  steps 
and  corresponding  current  relaxation  curves.  As  shown  in  Fig.  3b, 
even  with  the  potential  steps  of  100  mV,  the  current  relaxation 
process  in  the  pseudo-capacitive  region  only  needs  very  short  time. 
Although  10  mV  potential  steps  were  employed  in  the  battery 


behavior  region  from  3.4  to  3.5  V,  the  current  relaxation  still  keeps 
much  longer  time  than  that  in  pseudo-capacitive  region.  As  shown 
in  Fig.  3a  and  c,  the  potential  profile  is  pretty  flat  in  the  middle  of 
battery  behavior  region,  which  is  owing  to  the  two-phase  coexis¬ 
tence.  Furthermore,  the  current  relaxation  behavior  (1  vs.  t)  has 
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Fig.  3.  PITT  measurements  upon  charge  process  (a)  and  the  corresponding  current  relaxation  curves  (b);  the  enlargement  of  PITT  measurements  in  the  potential  window  from  3.4  to 
3.5  V  (c)  and  the  calculated  capacity  on  each  potential  step  (d). 
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markedly  different  behavior  and  characteristic  times  in  the  single 
phase  region  vs.  the  two-phase  region  (see  Fig.  3b  and  c).  In  two- 
phase  range,  the  current  relaxation  behavior  (or  the  curve  of  /  vs. 
t)  has  an  obvious  plateau,  which  may  be  the  character  of  phase- 
transition-limited  process  [29],  However,  in  the  single-phase 
range,  curves  of  current  relaxation  (/  vs.  t)  don’t  have  this  phe¬ 
nomenon,  and  display  the  character  of  diffusion-limited  relaxation 
[29].  The  capacity  contribution  on  each  individual  titration  (at  a 
potential  step  of  10  mV)  in  the  battery  behavior  region  was  calcu¬ 
lated  from  it  corresponding  current  relaxation  curve  (/  vs.  t)  and  the 
results  were  summarized  in  Fig.  3d.  As  shown  in  Fig.  3c  and  d,  the 
capacity  contribution  from  the  two-phase  coexistence  region  is 
115.28  mAh  g_1  (C5).  The  capacity  contributions  out  of  the  two- 
phase  coexistence  region  are  6.92  mAh  g_1  (=Ci  +  C2  +  C3  4-  C4) 
and  7.51  mAh  g_1  (=C6  +  C7  +  Cg  +  Cg  4-  C10),  respectively  (see 
Fig.  3c  and  d).  The  total  capacity  contribution  from  pure  battery 
behavior  (single-phase  Li-intercalation  +  two-phase  Li- 
intercalation)  should  be  129.43  mAh  g_1  (=6.92  +  115.28  +  7.51) 
which  is  well  agreed  with  the  charge  curve  shown  in  Fig.  2.  It  is 
worth  noting  that  a  very  small  amount  of  capacity  may  arise  from 
the  mixture  of  capacitive  behavior  and  battery  behavior,  which  is 
not  included  in  the  capacity  (129.43  mAh  g_1)  from  pure  battery 
behavior.  Accordingly,  the  capacity  from  capacitive  behavior  should 
be  close  to  (or/and  less  than)  ~20  mAh  g_1  (=150— 

129.43  mAh  g_1).  In  previous  report  about  LiFeP04  [22],  it  has  been 
reported  that  the  surface  portion  of  the  particle  abruptly  increases 
when  the  size  is  smaller  than  100  nm.  A  simple  estimation,  based 
on  a  spherical  particle,  provides  surface  (one  unit  cell)  portions  of 
~4,  7,  and  17%  for  particles  with  100,  50,  and  20  nm  diameters, 
respectively  [22].  In  our  manuscript,  the  particle-size  of  LiFeP04  is 
about  50  nm,  indicating  a  surface  portion  of  ~  7%.  The  calculated 
capacity  arising  from  the  surface  redox  reaction  should  be 
~12  mAh  g_1  (=7%  x  170  mAh  g_1).  In  addition,  the  LiFeP04/car- 
bon  composite  also  displays  electrochemical  double  layered 
capacitance  which  can  be  estimated  by  20  mF  cuT2  [30],  In  view  of 
the  surface  area  of  the  composite  (29.6  m2  g_1),  the  calculated 
capacitance  should  be  5.8  F  g  ,  and  can  be  converted  into  the  ca¬ 
pacity  of  3.7  mAh  g_1  (The  electrode  is  cycled  in  the  voltage  win¬ 
dow  from  2.0  V  to  4.3  V).  The  calculated  capacity  from  capacitive 
behavior  is  15.7  mAh  g_1  (=12  +  3.7  mAh  g~'),  and  is  close  to 
~20  mAh  g~\  Furthermore,  it  is  a  common  phenomenon  that  the 
open  circuit  voltage  (OCV)  of  LiFeP04/Li  cell  changes  after  full 
charge  or  discharge.  This  phenomenon  may  be  attributed  to  that 
the  self-discharge  of  surface  pseudo-capacitive  behavior  is  much 
more  serious  than  that  of  battery  behavior.  It  is  well  known  that  the 
self-discharge  of  supercapacitors  is  much  more  obvious  than  that  of 
batteries. 

3.2.  Fast  charge/discharge  of  graphene-supported  nano-LiFeP04 

The  electrochemical  profile  of  the  graphene-supported  nano- 
LiFePCU  was  evaluated.  The  mass  loading  of  graphene-supported 
nano-LiFeP04  in  working  electrode  is  2.60  mg  cnr2,  in  corre¬ 
sponding  to  2.44  mg  cur2  of  pure  active  material  (LiFeP04).  The 
total  wt%  of  carbon  additive  (carbon  black  +  graphene  supporter)  is 
19%  (see  electrode  preparation  in  Experimental  section  for  details). 
Fig.  4  gives  the  charge/discharge  curves  of  graphene-supported 
nano-UFeP04  within  the  voltage  window  from  2.0  V— 4.3  V  (vs. 
Li/Li+)  at  different  current  densities.  As  shown  in  Fig.  4,  the  pre¬ 
pared  graphene-supported  LiFePC>4  exhibits  a  reversible  charge/ 
discharge  capacity  of  152  mAh  g_1  at  a  charge/discharge  current 
density  of  0.5  A  g_1  (about  3  C).  When  the  current  density  is 
increased  to  10  A  g  1  (about  65  C),  the  prepared  graphene- 
supported  nano-LiFeP04  displays  a  capacity  of  110  mAh  g  .  Even 
at  much  higher  rate  (16  A  g_1  or  100  C),  corresponding  to  finishing 


Fig.  4.  Charge/discharge  curves  of  graphene-supported  LiFeP04  at  different  current 
densities,  varying  from  0.5,  2,  5, 10  A  g  1  to  16  A  g 

the  full  charge  or  discharge  in  36  s,  the  prepared  material  still  keeps 
a  capacity  of  ~80  mAh  g_1.  The  result  shown  in  Fig.  4  is  consistent 
with  the  excellent  rate  performance  reported  by  Kang  et  al.  [8[.  The 
excellent  rate  capability  of  the  graphene-supported  nano-LiFeP04 
was  confirmed  by  cyclic  voltammetry  (CV)  investigations  (see 
Fig.  S2  for  detail). 

We  believed  that  the  excellent  rate  capability  of  the  graphene- 
supported  nano-LiFePC>4  is  due  to  both  fast  electronic  and  ionic 
transportation  path.  Firstly,  the  novel  structure  of  designed 
graphene-supported  nano-LiFePCU  provides  fast  electronic  trans¬ 
portation  path:  The  low  mass  loading  (2.44  mg  cur2)  of  active 
material  (LiFePCU)  effectively  shorten  electron  transfer  length  from 
current  collector  to  composite  active  material.  Graphene  supporter 


Fig.  5.  Cycle  performance  of  graphene-supported  LiFeP04  (a)  and  the  charge/discharge 
curves  at  different  cycles  (b). 
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ensures  the  deliver  of  electrons  from  current  collector  to  each 
LiFePC>4  particle.  The  thin  carbon  coating  layer  facilities  the  deliver 
of  electron  around  out  surface  of  LiFePC>4  whole  nanoparticles; 
Secondary,  it  is  well-known  that  Li-ions  can  only  be  inserted  into 
the  framework  of  LiFeP04  on  (010)  face,  suggesting  that  the  reac¬ 
tion  can  only  occur  on  the  selected  spots  where  the  Li+  is  sup¬ 
ported.  Kang  et  al.  considered  that  the  high  rate  capability  is  due  to 
that  the  amorphous  nature  of  the  coating  (L4P2O7)  removes  the 
anisotropy  of  the  surface  properties  and  enhances  delivery  of  Li+  to 
the  (010)  facet  of  LiFeP04  where  it  can  be  inserted  [8].  In  our  case, 
we  expected  that  the  pseudo-capacitive  behavior  (surface  redox 
reaction:  Surface-Fe2+  +  Li+  +  e~  — >  Surface-Fe2+||Li+)  results  in  Li- 
ions  quick  congregation  on  the  surface  at  all  directions  without 
diffusion  limitation.  It  should  be  noted  that  the  fast  Li-diffusion  in 
the  thin  low  crystalline  coating  layer  (existing  defects)  has 
confirmed  by  many  research  groups  in  experimental  and  theoret¬ 
ical  calculation  [31—33],  Finally,  the  high  rate  capability  of  the 
graphene-supported  nano-LiFeP04  is  also  due  to  both  the  short  Li- 
ion  diffusion  length  in  the  crystalline  framework  (50  nm  particle) 
and  size-dependent  diffusion  rate  [34]  (see  Fig.  S3). 

3.3.  Crystalline-to-amorphous  transformation  on  cycling  process 

The  cycling  behavior  of  the  graphene-supported  nano-LiFeP04 
was  further  characterized  by  continuous  charge/discharge  cycle 
within  the  voltage  window  from  2.0  to  4.3  V  (Detail  information 
about  the  cycle  test  is  given  in  Fig.  S4).  As  expected,  the  as-prepared 
LiFePCTi/graphene  composite  exhibits  very  excellent  capacity 


retention  with  less  than  5%  discharge  capacity  loss  over  1000  cycles 
(in  Fig.  5a).  Fig.  5b  gives  the  charge— discharge  curves  of  the 
LiFePC^/graphene  composite  at  initial  cycle  and  1000th  cycle.  It  is 
most  interesting  that  although  the  capacity  loss  is  almost  negligible 
between  the  first  and  1000th  cycles  in  potential  window  from  2.0 
to  4.3  V,  the  shape  curve  at  the  end  of  charge/discharge  are 
significantly  changed,  becoming  a  sloping  upon  cycling.  However, 
this  phenomenon  does  not  occur  at  the  beginning  of  charge/ 
discharge.  Apparently,  this  phenomenon  cannot  solely  attribute  to 
the  increase  in  pseudocapacitance.  The  reason  for  this  phenome¬ 
non  should  be  a  new  and  interesting  problem.  Especially,  in  Wang 
et  al.’s  previous  investigation  [7],  nano-LiFeP04  was  investigated 
with  three-electrode  experiment,  where  metallic  Li  is  used  as 
counter  electrode  and  reference  electrode.  Over  1100  cycles,  the 
voltage— capacity  profile  of  electrode  displays  the  same  phenome¬ 
non  [7[.  After  the  cycled  Li  metal  electrode  is  replaced  by  a  fresh 
one,  the  phenomenon  still  can  be  observed  clearly  (Fig.  S5). 

After  cycle  test,  we  employed  TEM  technology  to  observed 
different  cycled  LiFeP04  particles.  Herein,  we  only  randomly  choose 
several  typical  cycled  LiFeP04  particles  (Particle-A,  B,  C  and  D)  and 
give  their  corresponding  high  resolution  TEM  images  in  Fig.  6a— d. 
As  shown  in  Fig.  6a,  particle-A  still  exhibits  crystalline  character 
after  1000  charge/discharge  cycles.  However,  the  TEM  image 
shown  in  Fig.  6b  indicates  that  particle-B  displays  the  amorphous 
character.  In  Fig.  6c,  partial  amorphous  region  in  particle-C  can  be 
clearly  observed.  The  selected-area  electron  diffraction  patterns 
(SAED)  suggests  that  the  out  surface  of  particle-D  is  amorphous, 
whereas  its  internal  region  is  sill  crystalline  (see  Fig.  6d).  All  of 


Fig.  6.  TEM  images  of  cycled  LiFeP04  particles.  Herein,  we  randomly  choose  several  typical  cycled  LiFeP04  particles  (Particle-A,  B,  C  and  D)  and  give  their  corresponding  high 
solution  TEM  images  (Fig.  6a-d). 
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these  results  indicate  the  repeated  charge/discharge  has  various 
impacts  on  different  LiFeP04  particles  because  the  size  of  LiFeP04 
particles  is  not  absolutely  equal.  According  to  Tang  et  al.  [35]  recent 
calculation,  crystalline-to-amorphous  transformation  may  be 
preferred  in  smaller  LiFeP04  particles.  [Their  calculation  indicates 
that  the  electrical  overpotential  applied  to  LiFeP04  is  a  fundamental 
parameter  that  influences  the  kinetic  competition  between 
crystalline-to-crystalline  and  crystalline-to-amorphous  trans¬ 
formations,  and  predicts  that  nano-UFeP04  should  take  the 
crystalline-to-amorphous  transformation  because  decreasing  par¬ 
ticle  size  expands  the  overpotential  region  in  which  amorphization 
is  preferred  (Please  see  Ref.  [35]  for  detail)].  Furthermore,  various 
LiFeP04  particles  also  have  different  local  conditions,  such  as  the 
contact  with  carbon  and  the  wettability  of  electrolyte. 

In  Fig.  7,  the  XRD  patterns  of  fresh  LiFeP04  electrode  and  the 
cycled  LiFeP04  electrode  are  compared.  The  character  peak  of  the 
graphite  powder,  which  is  used  as  a  referee,  can  be  observed  at  2 
theta  =  26.5°  in  Fig.  7.  Comparing  the  line  (a)  and  line  (b)  of  Fig.  7,  it 
can  be  observed  that  the  fresh  LiFeP04  and  cycled  LiFeP04  have 
same  character  peaks.  Flowever,  their  peaks  intensities  are 
different.  For  example,  the  peaks  intensities  of  cycled  LiFeP04  at  17° 
(200  face),  22.6°  (210  face),  24.0°  (Oil  face),  32.2°  (301  face)  and 
39.7°  (401  face)  are  lower  than  that  of  fresh  LiFeP04.  It  can  be 
assumed  the  reduction  of  peak  intensity  may  arise  from  the 


partially  amorphization  of  LiFeP04  particles  which  has  been 
demonstrated  in  Fig.  6.  On  the  other  hand,  our  further  investigation 
excludes  the  possibility  of  Fe3+  dissolution  (Please  see  Fig.  S6,  S7  for 
detail). 

As  mentioned  above,  the  character  of  cycled  composite  elec¬ 
trode  can  be  briefly  summarized  as:  it  includes  some  amorphous 
nano-LiFeP04  particles  and  other  crystalline  nano-LiFeP04  parti¬ 
cles.  We  believe  that  the  generation  of  nano-amorphous  LiFeP04 
particles  results  in  the  change  of  charge/discharge  curve.  The 
arrangement  of  atoms  in  these  amorphous  nano-LiFeP04  particles 
(see  Fig.  6b— d)  is  high  disordered  and  that  the  structure  disorder  is 
a  more  likely  cause  for  the  sloping  voltage  profile.  In  order  to  clarify 
this  point,  we  also  prepared  another  kind  of  nano-LiFeP04  through 
the  same  solvothermal  synthesis  at  180  °C  without  following  heat 
treatment  process  (Here,  it  is  called  as  “low  temperature  prepared 
LiFeP04”).  It  is  undoubted  that  the  low  temperature  prepared 
LiFeP04  should  be  obvious  disordered,  compared  with  these 
LiFeP04  synthesized  with  heat  treatment  at  high  temperature.  In 
Fig.  8a,  we  give  the  charge/discharge  profile  at  a  rate  of  1  / 20  C  of  the 
low  temperature  prepared  nano-LiFeP04.  It  can  be  detected  in 
Fig.  8a  that  the  low  temperature  prepared  nano-LiFeP04  displays  a 
charge/discharge  capacity  of  about  120  mAh  g_1  with  a  sloping 
voltage  profile.  Furthermore,  the  most  of  capacity  contribution  is 
higher  (in  charge)  or  lower  (in  discharge)  than  the  equilibrium 
potential.  According  to  this  result,  the  interesting  phenomenon 
about  the  voltage  variation  can  be  explained  by  Fig.  8b.  As  shown  in 
Fig.  8b,  the  total  discharge  curve  at  1000th  cycle  can  be  summa¬ 
rized  as:  I)  the  slope  curve  at  the  beginning  of  discharge,  in  which 
the  discharge  capacity  mainly  arises  from  the  capacitive  behavior; 
II)  the  flat  curve  at  the  middle  of  discharge,  where  the  capacity  is 
mainly  contributed  by  the  battery  behavior  of  these  crystalline 
nano-LiFeP04  particles;  III)  the  slope  curve  at  the  end  of  discharge, 
where  the  capacity  is  mainly  produced  by  the  battery  behavior  of 
these  amorphous  nano-LiFeP04  particles.  EIS  measurement  was 
also  employed  to  investigate  the  cycled  LiFeP04  electrode  at 
selected  discharge  depths  after  1000  cycles,  and  the  typical  result  is 
given  in  Fig.  9.  As  shown  in  Fig.  9,  impedance  angle  at  low  fre¬ 
quency  is  lower  than  45°,  which  indicates  the  character  of  diffusion 
limitation  (or  a  battery  behavior  =  Li-intercalation).  This  demon¬ 
strates  that  the  slope  curve  at  the  end  of  discharge  has  been  con¬ 
verted  into  battery  behavior  (=Li-intercalation).  The  results  from 
Figs.  6  and  9  and  Fig.  S8  demonstrate  that  the  crystalline-to- 
amorphous  transformation  in  part  of  nano-LiFeP04  particles  dur¬ 
ing  cycling  can  result  in  the  change  of  voltage  at  the  end  of  charge/ 
discharge.  Although  there  is  negligible  capacity  fading  on  the  long 


Capacity  (mAh/g) 

Fig.  8.  Charge/discharge  curve  of  low  temperature  prepared  LiFeP04  (a)  and  the  explanation  about  discharge  curve  variation  after  1000  cycle  (b):  I)  capacity  mainly  arises  from  the 
pseudo-capacitive  behavior;  II)  capacity  is  mainly  contributed  by  the  battery  behavior  of  these  crystalline  nano-LiFeP04  particles;  III)  capacity  is  mainly  produced  by  the  battery 
behavior  of  these  amorphous  nano-LiFeP04  particles. 
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Fig.  9.  EIS  measurement  at  selected  discharge  depths  of  3.35  V  after  the  1000  cycles. 


cycling  process  of  nano-LiFePC>4,  the  energy  loss  arising  from  the 
reduction  of  operating  potential  is  still  obvious. 

4.  Conclusion 

By  employing  various  electrochemical  analysis  technologies,  we 
discovered  that  the  capacity  of  LiFePCU  observed  above  3.5  V  (vs.  Li/ 
Li+)  and  below  3.4  V  (vs.  Li/Li+)  is  mainly  due  to  the  pseudo- 
capacitive  behavior,  rather  than  single-phase  Li-intercalation.  This 
result  demonstrates  that  both  single-phase  and  two-phase  Li-in- 
tercalations  occur  within  a  very  narrow  potential  window,  indi¬ 
cating  that  only  minimal  overpotential  is  required  to  enable  the 
single-phase  transformation  at  room  temperature.  Finally,  it  is 
found  that  although  LiFePC>4  has  excellent  capacity  retention,  its 
electrochemical  behavior  varies  over  the  charge/discharge  cycles, 
which  break  through  the  conventional  knowledge  that  LiFePCU  has 
veiy  excellent  cycle  life.  The  achieved  results  indicate  that  the 
crystalline-to-amorphous  phase  transition  on  Li-ion  de-insertion/ 
insertion  process  may  result  in  the  amorphization  of  a  part  of 
LiFeP04  particles  which  lead  to  obvious  energy  loss  over  cycling 
process. 
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